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Multipath From a Flat Ground (1)

When both a transmitter and receiver are operating near the surface of the earth, multipath
(multiple reflections) can cause fading of the signal. We first examine the reflection from
the ground assuming a flat earth. These mirror like reflections that obey Snell’s law are
called specular reflections. The reflected wave appears to originate from an image.
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Multipath From a Flat Ground (2)

Multipath parameters:

1. Reflection coefficient, I" = \F\e”jf . For low grazing angles, v = 0, the

approximation I" = —1 is valid for both horizontal and vertical polarizations.
2. Transmit antenna gain: G, (6 ,) for the direct wave; G, (85 ) for the reflected wave.

3. Receive antenna gain: G, (6-) for the direct wave; G,.(6,) for the reflected wave.
4. Path difference: AR= (R +Ry)— R,
%/_/

——
REFLECTED DIRECT

Gain is proportional to the square of the electric field intensity. For example, if G,, is the
gain of the transmit antenna in the direction of the maximum (& = 0), then

g 2
G (0)=GlE,,,. () =G f,(0)
where E, Is the normalized electric field intensity. Similarly for the receive antenna
with its maximum gain in the direction 8’ =0

G,(0')=G,pE,. (&)

* =G, f,(0")
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Multipath From a Flat Ground (3)

Total field at the receiver
‘Etot‘ = E + Egj
— —

REFLECTED DIRECT F

7R f:(04) 1, (9c)

The quantity in the square brackets is the path-gain factor (PGF) or pattern-propagation
factor (PPF). It relates the total field at the receiver to that of free space and takes on
values 0< F<2.

o

= 1,000 f, (Hc) e o [+ r/:(08)1,(p) JkAR:|

e If F =0 then the direct and reflected rays cancel (destructive interference)
e If F =2 the two waves add (constructive interference)

Note that if the transmitter and receiver are at approximately the same heights, close to the
ground, and the antennas are pointed at each other, then d >> &,, 4, and

G,(04)~G,(0p)

G.(0c)=G,.(6p)
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Multipath From a Flat Ground (4)

An approximate expression for the path difference is obtained from a series expansion:

2

R, =Jd? +(h, —h)? ~d + >V =h)

2 d
2

R+ R, :sz +(h, +h,)? zd+%(ht +th)

Therefore,
-
d

and

| F |2 —~ K2y /d‘ _ ‘ejkhrht /d (e—jkhrht Id _ jkhehy /d} = 2sin(kh b, Id )
The received power depends on the square of the path gain factor

2
P s M) f 5
d d

The last approximation is based on 4,4, <<d andI" = -1.




Naval Postgraduate School Department of Electrical & Computer Engineering Monterey, California

Multipath From a Flat Ground (5)

Two different forms of the argument are frequently used.

1. Assume that the transmitter is near the ground %, ~ 0 and use its height as a reference.
The elevation angle is y where

h,,—htEAhzh,, R, Ah =h.—h,
d d d /4

d
2. If the transmit antenna is very close to the ground, then the reflection point is very
near to the transmitter and y is also the grazing angle:

tany =

A

AR=b—a=2hssiny

If the antenna is pointed at the horizon (i.e., its maximum is parallel to the ground) then
V= QA'
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Multipath From a Flat Ground (6)

Thus with the given restrictions the PPF can be expressed in terms of elevation angle
| F |= 2sin(kh, tany)
The PPF has minima at: kh,tany =nz  (n=0,1,...,0)

27T
—h,tany =nrx
2 ¢ 4

tany =nAilh,

Maxima occur at: kh,tany =mnml2 (m=13)5,...,0)
277rhttanw:2n+l7[ (n=01...,0)
tany = (2n+1)A

t

Plots | £ | are called a coverage diagram. The horizontal axis is usually distance and
the vertical axis receiver height. (Note that because d >> 4, the angle  is not directly
measurable from the plot.)
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Multipath From a Flat Ground (7)

Coverage diagram: Contour plots of | F'| in dB for variations in %, and 4 normalized to
a reference range d,. Note that when d =d, then E;y = E;, -

| F |= ‘ % \sin(kh, tanyx){
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Multipath From a Flat Ground (8)

Another means of displaying the received field is a height-gain curve. It is a plot of | F'|
in dB vs. A, at a fixed range.
e The constructive and destructive interference as a function of height can be identified.

e At low frequencies the periodicity of the curve at low heights can be destroyed by the
ground wave.

e Usually there are many reflected wave paths between the transmitter and receiver, in
which case the peaks and nulls are distorted.

e This technique is often used to determine the optimum tower height for a broadcast
radio antenna.

10
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Multipath Example

Monterey, California

A radar antenna is mounted on a 5 m mast and tracks a point target at 4 km. The targetis 2 m
above the surface and the wavelength is 0.2 m. (a) Find the location of the reflection point on
the x axis and the grazing angle y. (b) Write an expression for the one way path gain factor
\F\ when a reflected wave is present. Assume a reflection coefficient of I" =~ —1.

(b) The restrictions on the heights and

5m distance are satisfied for the following
2m formula
v v -
0 I e T :Zsin(khthr) _ Z‘Sin( 272(2)(5) j‘
Reflection d (0.2)(4000
Point

(a) Denote the location of the reflection point =(2)(0.785) =0.157
by x, and use sgn lar trlazngles The received power varies as |F ?, thus

tany = —= ,

x, 4000, 10log(F|? )=-16.1 dB
X, =2.86 km

The received power is 16.1 dB below the
w = tan1(5/2860) =0.1° free space value.

10
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Field Intensity From the ERP

The product PG, is called the effective radiated power (ERP, or sometimes the effective

isotropic radiated power, EIRP). We can relate the ERP to the electric field intensity as
follows:

The Poynting vector for a TEM wave:

_ 2
- - — % E i
W=Re{E>< }:‘ dlr‘
Mo
For the direct path:
PG,
W= %
AnR}
Equate the two expressions: (and note that r, ~1207)
Eul PG . J30BG, E
— t ; — ‘Ed”" — t~t = (0]
770 47Z'R0 d d

where £, is called the unattenuated field intensity at unit distance.

11



Naval Postgraduate School Department of Electrical & Computer Engineering Monterey, California

Wave Reflection at the Earth’s Surface (1)

Fresnel reflection coefficients hold when:
1. the Earth’s surface is locally flat in the vicinity of the reflection point

2. the surface is smooth (height of irregularities << 1)

Traditionally, the grazing angle  =90° — 6, is used. The grazing angle is usually very
small (7 <1°). The complex dielectric constant is expressed as

.0 . O |_ . o)
Ec=&8pg — ] T & — ] =go(g,,—];(),where;(:—
10, E,0 — wE,

8,,0

Near the surface the reference for polarization is horizontal and vertical.

VERTICAL POL HORIZONTAL POL
Also called o Also called
transverse E\=Ey E =Ey transverse
magnetic n A ) electric
(TM) pol T o~ T (TE) pol

SURFACE SURFACE

12
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Wave Reflection at the Earth’s Surface (2)

Reflection coefficients for horizontal and vertical polarization:
_ (&~ jx)sin v ~(&, — jx) —cos’ y
(6, — jx)siny +(&, — jz) —cos? y
siny —(e, - jz) —cos’y
sin g//—l—\/(gr —Jjx) — c0s? 74

For transmitters below ground, the phenomenon of total reflection can occur. Assuming
the more dense medium is lossless (y =0) and nonmagnetic (. =1)

J?rcosw =\/57rsin<9l. =sinég,
The critical angle of incidence occurs when sin@, =1 or sing, =1/./, . There is no
physical reason why sin 8, cannot be greater than 1. Let 8, be complex such that

—Lj =Ry

o, =%+j6’, where @ isreal. Then,
sindg, :sin(%+j9) =cos(j@) =cosh @

cosd, =—sin(j@) =—jsinh b

13
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Wave Reflection at the Earth’s Surface (3)

Using the above identities in the Fresnel formulas, the reflection coefficients have a
magnitude of 1 for all incidence angles greater than the critical angle, |R,|=|R,|=1. The

wavefronts follow the boundary, but all of the power flow is confined to the denser
medium. The wave decays exponentially with distance into the less dense medium.

The wave may have sufficient amplitude along the surface to provide a useful signal. An
example where this might occur is communication between submerged submarines near
the surface. The ray traveling along the surface is called a lateral wave. The displacement
of the incident ray at the critical angle &, is a form of the Goos-Hanchen shift of optics.

For submarines, the direct and reflected rays are strongly attenuated by the longer paths in
water, leaving only the lateral wave for communication.

Lateral Wave )
R Alr
£ "\ Lateral wave

Water MARRARRRRRN
Ocean surface ﬁ////// /////%

<%= Lossy seawater —

Reflected
0; >0,

Receiver

B
>

Transmitter Direct

14
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Rough Surface Reflection (1)

When waves are reflected by the Earth, the deviation from a perfectly flat surface causes
waves to be scattered diffusely. An ideal diffuse surface scatters (reflects) uniformly in all
directions independent of the angle of incidence. Snell’s law does not apply to diffuse
reflection.

At radio and microwave frequencies surfaces usually fall in between these two limiting
cases. Both specular and diffuse components are present.

The traditional measure of surface roughness is the Rayleigh criterion, which is a measure of
the phase error introduced by the surface deviations, relative to phase of the reflection from
the mean surface.

Perfectly Flat Surface Perfectly diffuse surface
(specular reflection (rays reflected in all
satisfies Snell’s law) directions)

15
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Rough Surface Reflection (2)

The phase error due to the k.
displacement of the
reflection point a distance 4
from the mean surface is

g =kAR = 2khsiny ROUGH SURFACE
MEAN

The 2 is because the path HEIGHT

difference occurs both on

incidence and reflection. The Rayleigh condition (arbitrarily) chooses 7 /2 as the limiting
value of the phase difference:
hsiny < A/8

For small surface deviations, the diffuse component is ignored and the specular reflection
coefficient is reduced. An approximate formula for the reduction of the Fresnel reflection
coefficient for a rough surface is
1 2
1+ (2g )

1+ 2.35(;g2)+ 272'(;g2)2

0 -0

16
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Atmospheric Refraction (1)

Refraction by the lower atmosphere causes waves to be bent back towards the earth’s
surface. The ray trajectory is described by the equation: n R,sin@ =CONSTANT

Two ways of expressing the index of refraction 7 (= ,/, ) in the troposphere:

1. n=1+ ypl ps, +HUMIDITY TERM

R, = 6378 km = earth radius
x ~0.00029 = Gladstone-Dale

REFRACTED

constant
0, Ps; = Mass densities at altitude
and sea level
77.6 ~ EARTH'S
2.n=——"(p+4810e/T)107° -1 SURFACE

p = air pressure (millibars)

T = temperature (K)

e = partial pressure of
water vapor (millibars)

17
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Atmospheric Refraction (2)

Refraction of a wave can provide a significant level of transmission over the horizon. A
bent refracted ray can be represented by a straight ray if an equivalent earth radius R/, is

used. For most atmospheric conditions R, = 4R, /3~ 8500 km.

REFRACTED REFRACTED RAY
RAY BECOMES A

LINE OF SIGHT (LOS)
BLOCKED BY
EARTH'S BULGE

EARTH'S

EQUIVALENT EARTH
SURFACE

RADIUS, R!

EARTH'S
SURFACE

STANDARD

CONDITIONS:

R ~2R
~3

e

EARTH
RADIUS, R,

e

18
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Atmospheric Refraction (3)

Distance from the transmit antenna to the horizon is R, = \/(Re’ +1, Y —(R) but
R, >>h, sothat R, ~+/2R )}, . Similarly R. ~+/2R}h, . The radar horizon (or radio

horizon) is the sum
Rpy =~/2R.h, ++[2R I,

Example: A missile is flying 15 m
above the ocean towards a ground based
radar. What is the approximate range
that the missile can be detected
assuming standard atmospheric

T Ry

.- EARTH'S
conditions? SURFACE
Using 4, =0 and 4, =15 gives a radar
horizon of

Rppy = 2R,

~+/(2)(8500x10%)(15)
~16 km

19
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Atmospheric Refraction (4)

Derivation of the equivalent Earth radius

h A o(h)
RAY PATH
TANGENT
n(h)
7
0, VERTICAL
SURFACE

Break up the atmosphere into thin horizontal layers. Snell’s law must hold at the
boundary between each layer, \/g(h)sin[0(h)]= /¢, siné,

AN
h2 | &, I/l(hz)
n o i n(h)
THIN LAYER IN WHICH
0, n ~ CONSTANT

SURFACE

20
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Atmospheric Refraction (5)

Snell’s law for spherically stratified layers is,

gze@ sing, = R\/£(R) sin[e(R)]

AT THE AT RADIUS
SURFACE R=R,+h

Using the grazing angle, and assuming that (%) varies linearly with 4

Relo, oy, = (R, + )]z, +1 4 (oCh) foosly(h)]

Expand and rearrange
R,+/¢, {cosy,, —cos[w (h)]} {W+R = Je(h) }hcos[c//(h)]+h2%4/g(h) cos[y (h)]

If h << R, then the last term can be dropped, and since y is small, cosy =1+ z//z /2

wF =2 +%{1+ = ;\/e(m}

e

The second term is due to the inhomogeneous index of refraction with altitude.

21
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Atmospheric Refraction (6)

Define a constant x such that

-1
[W(h)]2 zl//02+%=w§+;—}f where K=|:l+ R i«/g(h)}

e y Je, dh

R = xR, is the effective (equivalent) Earth radius. If R/ is used as the Earth radius then

rays can be drawn as straight lines. This is the radius that would produce the same
geometrical relationship between the source of the ray and the receiver near the Earth’s
surface, assuming a constant index of refraction. The restrictions on the model are:

1. Ray paths are nearly horizontal
2. \Je(h) versus A is linear over the range of heights considered

Under standard (normal) atmospheric conditions, x ~4/3. That is, the radius of the Earth

IS approximately R, = (gj6378 km ~ 8500 km. This is commonly referred to as “the four-

thirds Earth approximation.”

22
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Fresnel Zones (1)

For the direct path phase to differ from the reflected path phase by an integer multiple of
180° the paths must differ by integer multiples of 1/2
AR=nAl2 (n=0,1...)

The collection of points at which reflection would produce an excess path length of nA/2
Is called the nth Fresnel zone. In three dimensions the surfaces are ellipsoids centered on

the direct path between the transmitter and receiver.

TRANSMITTER >
¥~ Locus oF

b d > REFLECTING SURFACE

23
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Fresnel Zones (2)

A slice of the vertical plane gives the following geometry

\ REFLECTION POINT
For the reflection coefficient I" = e!” = -} :

e If n is even the two paths are out of phase and the received signal is a minimum
e If n is odd the two paths are in phase and the received signal is a maximum

Because the LOS is nearly horizontal R, ~d and therefore R, =d, + d, ~d . For the nth
Fresnel zone Ry + Ry =d + ni/2.

24
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Fresnel Zones (3)

The radius of the nth Fresnel zone is

o nid,d,
7 d
or, if the distances are in miles, then
F=72.1 |19 (feet)
GHz

Transmission path design: the objective is to find transmitter and receiver locations and
heights that give signal maxima. In general:

1. reflection points should not lie on even Fresnel zones
2. the LOS should clear all obstacles by 0.6/, which essentially gives free space

transmission

The significance of 0.6F is illustrated by examining two canonical problems:

(1) knife edge diffraction and
(2) smooth sphere diffraction.

Conversions: 0.0254 m=1in;12in=1ft;3.3ft=1m; 5280 ft=1mi; 1 km=0.62 mi

25
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Diffraction (1)

Knife edge diffraction

/ = CLEARANCE DISTANCE "
R (>0 ¢ =0,SHADOW
I T <0 BOUNDARY
- o
i SHARP
! OBSTACLE $
A 4
< d >
Smooth sphere diffraction ]
¢ = CLEARANCE DISTANCE e / 4 — 0. SHADOW

BOUNDARY

SMOQOTH
CONDUCTOR

26
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Huygen’s Principle (1)

Monterey, California

Huygen’s principle states that any wavefront can be decomposed into a collection of point

sources. New wavefronts can be constructed from the combined “spherical wavelets”
from the point sources of the old wavefront.

ORIGINAL
WAVE

FRONT RECONSTRUCTED

WAVE FRONT 0 e_ijn 0 e_ijP
E(P)~ X

/ R _joo R

POINT SAMPLES
OF WAVE FRONT

SPHERICAL
WAVELET

where R is the distance from a wavelet
— IRECTIONOY source to the observation point, P.

- Sources closest to P will contribute most
| to the field

27
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Knife Edge Diffraction (1)

The perturbation of a plane wave due to the presence of a knife edge can be examined using
Huygen’s principle. The edge blocks the spherical wavelets below the shadow boundary.
The electric field decays to zero deep in the shadow (far from the edge). Far from the edge
in the lit region, the plane wave is not disturbed.

Wavefront

Shadow
Boundary

Knife
Edge

Free Space
Value, E,

Relative
Field Strength .

Based on Huygen’s principle, the normalized
electric field intensity is given by

. —U
£_L1. [ exp(—jma?12)da
E, 2 2 )

where u is a scaled distance parameter. The
shadow boundary is at u = 0.

28
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Knife Edge Diffraction (2)

Monterey, California

A plot of \E/ EO\ shows that at 0.6F; the free space (direct path) value is obtained.

E/E]

1.4

1.2

0.8

0.6

0.4

0.2

Free Space Field Value

1

1

Shadow Boundary

0.6F,

-4 -3 -2 -1

0

|
1 2

Scaled Distance, u
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Knife Edge Diffraction Example

Scaled distance parameter:

2d
Ad,d,

where ¢ <0 (i.e., u negative) when the
obstacle extends above the direct path.

Example: 4 =50 m, h. =25 m, d, =10 km, d, =2 km, Ay =100 m, =900 MHz

””ﬁ —_
,,,,,,, 7 gz 25 — (=75-4167=70.8m
|‘E:::: ———————— 253 / 2000 12000
25| ==
o o T~ —
(=== 708 | 221 _ .
10000 2000 (0.33)20x106

From the diffraction plot for u =—4.27, |E/ E,|~0.053 — 25.5 dB loss

30
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Monterey, California

Path Clearance Example

Consider a 30 mile point-to-point communication link over the ocean. The frequency of
operation is 5 GHz and the antennas are at the same height. Find the lowest height that
provides the same field strength as in free space. Assume standard atmospheric conditions

The geometry is shown below (distorted
scale). The bulge factor (in feet) is given

approximately by b = did, ,
1.5«

d, are in miles.

The maximum bulge occurs at the midpoint.

d~d, +d,
= WIS _ 115 54
(1.5)(4/3)
F, =721 ndd, g
fGsz
0.6F; =53ft

Compute the minimum antenna height:
h=by +0.6F; =112.5+53=165ft

31
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Example of Link Design (1)

Monterey, California

il i

e
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o
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5

v
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Example of Link Design (2)

Monterey, California
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Antennas Over a Spherical Earth

When the transmitter to receiver distance becomes too large the flat Earth approximation
Is no longer accurate. The curvature of the surface causes:

1. divergence of the power in the reflected wave in the interference region

2. diffracted wave in the shadow region (note that this is not the same as a ground wave)

The distance to the horizon is d; = Rgy = /2R h, or, if h, isin feet, d, = \/2h, miles.
The maximum LOS distance between the transmit and receive antennas is

dmax =d; +d, =2k, +/2h, (miles)

TANGENT RAY
(SHADOW BOUNDARY)

INTERFERENCE
REGION

/ DIFFRACTION
REGION

SMOOTH
CONDUCTOR
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Interference Region Formulas (1)

Interference region formulas

SMOOTH
CONDUCTOR

The path-gain factor is given by
F| =1+ [Te/r e 4R

where D is the divergence factor (power) and AR=R; +R, —R,,.

35
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Interference Region Formulas (2)

Approximate formulas® for the interference region:
1

F|= {(1+ WD) -4rND sin{@}}z
where d; =d,, d, =d, and

-1
2
AR = 2/ J(S,T), tany =MK(S,T), D=1+ 4S12SZT (power)
d S(A-S55)A+7T)
dq do . .

Sy = S, = where A, 1s the smallest of either 4, or 4

1 /—ZRéhl 2 /—Réhz 1 t r

d _ S]_T + S2

, T=.lh!lhy (<1lsince hy<hy)

1-S2)+T?(1-S5)
1+T2

S = =
V2R +5J2R,hy 14T

J(S,T)=(1-S?)(1-S5),and K(S,T)=

D. E. Kerr, Propagation of Short Radio Waves, Radiation Laboratory Series, McGraw-Hill, 1951 (the formulas have been reprinted in
many other books including R. E. Collin, Antennas and Radiowave Propagation, McGraw-Hill, 1985).
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Interference Region Formulas (3)

The distances can be computed from d =d; + d, and

n) 0 :COS_{ZRe(hls—hmj,
P

d (CD+
d, = —+ pCos
2
and
5L/ 2
d
— | R, (M + hy) +—

Another form for the phase dlfference IS

kAR = 22 1-S2)(1-S5) =wr
where
and'? p? ho | h
_ = . =2 (1-50)A-S5),
" AJ2R. 10304 dldpy

and dpy = /2R, (distance to the radio horizon).

37
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Interference Region Formulas (4)

When can we use the flat Earth formulas?
1. The phase of the flat earth formula should be within 0.1z of the spherical earth value:

2kl e <041

2. The divergence factor should be close to unity: typically D >0.9.
3. The grazing angle should be small: v — 0 and K(S,7) > 0.9.

There is no simple answer, o | [ Sohericalsartformus
but usually the distance d is M 7SN S e o,
considerably less than the H O T R o A
radio horizon , dg;, and L et |
frequently the two models ) I e D0
disagree a distances as small = oIl | 1 l o 1
asdldpy ~1/3. A . ‘\_\ VAN
comparison of the two il = |
models Is shown. N | e fleereeee 0
I formulas I
=0 : 1‘0 2‘0 3‘0 4‘0 : 5‘0 6‘0 7‘0 80
Distance, km
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Diffraction Region Formulas (1)

DIRECT RAY SHADOW
TO HORIZON BOUNDARY \

DIFFRACTED
RAYS

Approximate formulas for the diffraction region when /> 100 MHz:
F =V (X)U(Z1)U1(Z5)
where U, is available from tables or curves, Z; =h;,/H (i=12), X =d/L, and

1 1
R,
)

2 \3
V(X)) =2dmXe 292X = Z[U}k)j —28.414Y3(km), H = (

j?’ — 47.552%/3(m)
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Diffraction Region Formulas (2)

A plot of U{(Z)
7 120
// 100
10 /
0 /80 -
Vv /// A
N N
: Z>1 - <
¥ o / 60 =
= S
g / £l g
8 40 &
A
LA 4
e’
30 -~ -+ 20
40 —- —— 0
0.01 0.02 0.05 0.1 0.2 0.5 1
| 2 5 10 20 50 100

Fig. 6.29 in R. E. Collin, Antennas and Radiowave Propagation, McGraw-Hill, 1985 (axis labels corrected)
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Surface Waves (1)

The behavior of electromagnetic waves at the Earth’s surface is a complex function of
frequency, polarization, ground characteristics, curvature of the surface, atmospheric
conditions, and antenna height.

At ground level the direct and reflected waves nearly cancel. They do not completely
cancel because the Earth is not a perfect conductor, and hence the antenna image current is
not as intense as the source current.

At low frequencies (between about 1 kHz and 3 MHZz) surface waves can be excited.
Surface waves are solutions to the wave equation and the boundary conditions and, as the
name implies, are guided along the boundary between two dissimilar materials. This fact
Is often used in designing surface waveguides that use a dielectric layer over a conducting
ground plane.

Collectively the space wave (direct and Earth reflected) and surface wave are called the
ground wave. At low frequencies, for vertical antennas near the ground, (e.g., AM
broadcast), propagation is primarily via the surface wave. The rigorous solution for a
dipole radiating over a lossy flat Earth was done by Sommerfeld, and later evaluated in a
more convenient form by Norton™.

' K. Norton, “The Propagation of Radio Waves over the Surface of the Earth and in the Upper Atmosphere,” Proc. IRE, v. 24, 1936
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Surface Wave lllustration

Shown here is an example of a surface wave traveling along a coated conducting plate

54 plate
15 degree grazing angle
TM (vertical) polarization

the total field is plotted (incident plus scattered)
surface waves will follow curved surfaces if the radius of curvature >> A

COATED
PLATE

X i \ l. kN I-- T \ A 1 M
b 0 II 1 1

INCIDENT WAVE
(75 DEGREES OFF
OF NORMAL)

42



Naval Postgraduate School Department of Electrical & Computer Engineering Monterey, California

Surface Waves (2)

SURFACE WAVE
PRBDRD

hy d h,

Simple formulas were derived by Norton. The power density at the receiver is the free
space value times an attenuation factor

Pr = Pdir‘ZAs‘z

where the factor of 2 is by convention. The surface wave attenuation factor is

A, =1- j Qe Perfc(j Q)
d

where Q = —jk—(\/g—l) and erfc is the complementary error function. This

2¢,.

calculation is for a surface wave along a flat interface which applies for d <50/( f\pnz)
miles. Beyond this distance the received signal attenuates more quickly.

1/3
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Surface Waves (2)

The parameter Q is usually expressed as Q = pejb, where p is the numerical distance
Py and bt )
2./e2 + (o] we,) o

. . 1.8x10* .
A convenient formula is o/ ws, = 510 9. The attenuation factor for the ground wave

MHz

IS approximately

4| = = - pl2e%Psinb  (b<907)

Example: A CB link operates at 27 MHz with low gain antennas near the ground. The
following parameters hold: P, =5 W; G, = G, =1; ground parameters, ¢, =12 and

o =5x10"° S/m. Find the received power at the maximum flat Earth range.

The maximum flat Earth distance is: d .y = 50/(27)1/3 =16.5 miles
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Surface Waves (3)

Check b to see if the formula for p applies

b tan-1[ (12)(8.85x 1072)(27)(27 x 10°)
51073

=0.25d /1 =0. 0225(3)6 5j(lOOO) 601

J =74.5" (yes)
B ad [ A
V122 +(90/27)2

From the above expression we also get d /1 =4p. The surface wave attenuation
coefficient is

A= 2 pl2e7 %P sinh ~8.33x107

The received power for the ground wave is

PG,A,,
4 4xd? ‘ZA‘
_ (5)(8:33x10° Bk

(47)(4)?(601)

PO)\2 147

2
Ar d2 ‘ZAS‘

Pr = Pdir‘ZAS‘Z

~1.52x10714 wW
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Surface Waves (4)

La i [
— b= 00
93 = Suy, " b=30°
0.3 . b= 60°
PZEN \(
b=90° \
0. o
< 0.03 I :
E N 2|A,|ar;
| N |_~Tor p> 100
0.01 | = :
20 dB
|
0.003 £ - \\
| 40 dB N
r I( \
0.001 | L
001 0.03 0.1 0.3 I 35 10 30 50 100 300 1000

Numerical distance p

Fig. 6.35 in R. E. Collin, Antennas and Radiowave Propagation, McGraw-Hill, 1985
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Surface Waves (5)

Naval Postgraduate School

SPHERICAL EARTH (&, =15 and o =102 S/m)

1.0 1L [
11
b=0°
0.5 3 b= 30°
b = 60°
0.3 . \ -«
0.2 b=90"] N
0.1 -
< 0.03
= \ b
‘\
0.5 MHz” \ \\
1
| MHz~"]
N\
0.003 2 MHz -\ N\
L "“l \ \\
5 MHz \ \\
0.001
0.0 0.03 0.1 0.3 | 3 10 30 100 300 1000

Numerical distance p

Fig. 6.36 in R. E. Collin, Antennas and Radiowave Propagation, McGraw-Hill, 1985
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Attenuation Due to Rain and Gases (1)

Sources of signal attenuation in the atmosphere include rain, fog, water vapor and other
gases. Most loss is due to absorption of energy by the molecules in the atmosphere. Dust,
snow, and rain can also cause a loss in signal by scattering energy out of the beam.

ATTENUATION CGEFFICIENT (db/Km) PREDICTED FRO¥N
PRECIPITATION RATE ASSUMING A LAWS & PARSONS
DROP SIZE DISTRIBUTION

R (mm/Hr)

= F - 1100
- - —T [ | 150
: i 1 N -
PN O s DA S e =",
R P e == N A
- R e I A
= S T | [ 30.25
. E : i .
E T L LN
(&) i // \\ i
z 01t = N7
s B - > /| —— ATTENUATION DUE =
> L ﬂ TO RAIN - ]
z 01pZ = ATTENUATION DUE —
& = 7O RESONANCE =
> - ABSORPTION _ . ]

__0.01 P I RN ENETA AT I S A N na-'nu[l'Iqwﬁgﬁ-#§H1:|f|L

10 15 20 30 40 60 80 100 150 200 300
‘ FREQUENCY IN GHz
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Attenuation Due to Rain and Gases (2)

There is no complete, comprehensive macroscopic theoretical model to predict loss. A
wide range of empirical formulas exist based on measured data. A typical model:

A= aRb, attenuation in dB/km
R is the rain rate in mm/hr

E

a=G,fgHz “°
E

b=Gpfenz °

where the constants are determined from the following table:

G,=6.39x10" E,=2.03 fgu, <29

=4.21x107° =242  29< fou, <54

=4.09x1072 =0.699  54< fg, <180
Gb =0.851 Eb =0.158 fGHZ <85

=1.41 =—0.0779  85< fgu, <25

= 2.63 =-0.272 25< fop, <164

49



Naval Postgraduate School Department of Electrical & Computer Engineering Monterey, California

Foliage Attenuation (1)

International Telecommunications Union (ITU) recommendation P.833-3 gives the
following model for calculating the excess loss due to attenuation from trees and foliage.

Case 1. One antenna in the open, the other in the woodlands

o, d
A, = 1-exp| ——2& ¥
. { o Am]}

where d, is the path length in the wooded area and «,, is the attenuation in dB/m for the
foliage. The attenuation factor takes on a wide range of values, but can often be

approximated by «,, =0.2f55.. 4, is the maximum attenuation for one terminal within a

specific type and depth of vegetation. For moderate tropical growth (i.e., measurements
taken in a park in a tropical climate), in dB:

)0.752

4y =325(for) o 0.9 fop; <18
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Foliage Attenuation (2)

Case 2: Both ends of the link are in the open

In Leaf Out of
TX . Parameter n Lea L eaf
a 0.2 0.16
I I b 1.27 2.59
c 0.63 0.85
K, 6.57 12.6
Ry 0.0002 2.1
4, 10 10

R.d,+K|1-exp RK"Od , fom: > 5

"

where K = K, —10log,94 4,|1- exp( ] [1 exp(—RffGHZ)] , R, =afsy. and

(0]
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Foliage Attenuation (3)

Anin 1S the minimum area “window of illumination” on the front and rear faces of the

vegetation, which is determined by the spot sizes of the two antenna beams and their
distances from the faces.

Anin W ~
——— 1 —
Block of Foliage Q‘ NN NN, MINE
# /

Examples:

Case 2:d,, =3 m, wy =3 m, iy =10 m (A4, =30 m*) gives 3 dB at 5 GHz and 8.7 dB at
18 GHz

Case 1: f5, =1.0 gives 2 dB of loss for 10 m and 32.4 dB of loss for 1000 m. The latter
case can be decisive in the link design.
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Tropospheric Scatter Propagation (1)

Tropospheric scatter propagation (troposcatter) exploits fluctuations in the dielectric
constant of the atmosphere due to variations in temperature and pressure (typically only a
few parts per million). This propagation mechanism was one of the few methods

Scattering
Volume

available for communicating long
distances over the horizon (along with
ionospheric hops) before the advent of
satellite communications. A few
troposcatter systems are still in use today.

A common geometry is shown in the
figure. High gain narrow beam antennas
are used. For maximum range the
scattering volume is midway between the
transmitter and receiver. The antenna
pointing angle above the horizon v is

small sothat R, =R, =d /2. p iscalled
the bistatic angle. From geometry

Y+ p=xand a=d/(2R))
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Tropospheric Scatter Propagation (2)

The received power is given by the bistatic radar range equation
_ PG,G.oyA* PGy
(47)°RZR?  Azk*(d/2)*
where k =27/ A4 and oy, is the scattering cross section of the volume of the intersection of

the beams. The scattering volume is the cross sectional area of a parallelogram (shown in
the elevation cut below), times the thickness in azimuth. If all of the beamwidths are

the same, then the volume between
the beamwidths is

v - (R_QB )
sin

d6s j?’ 1

RO, ~
B (2 sin

The maximum scattering occurs in
the forward direction, ¥ =0. In

other directions is falls off as cos? ¥
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Tropospheric Scatter Propagation (3)

The scattering cross section (m?) can be expressed as
5

T 2
GV = ?VCS cos™ ¥
where S is the spatial scattering spectrum. It is related to the correlation function of the
time varying index of refraction. The A4 dependence is characteristic of Rayleigh
scattering, which occurs when the scattering particles are much less that a wavelength. An
approximation for S'is

5 =3273C2(3.3x107% 2k sin(¥ /2)) V3 m?

C, is called the structure constant for the index of refraction fluctuations. At a height of

1.5 km it takes on values 2x107° < C, < 5x10~" m™3. Two further approximations are
also valid: 2sin(WY/2) =Y =d /R, and sin f = S ~d/R,. Therefore the radar range
equation becomes

BGZ 7
A% (d12)* A*
P. ~2.23x10%2 pG?C2k>"3a7173¢3 cos? 3

P. =

r

dOg )3 cos® ¥

3273C? (3.3x10—2)(kd/R; )t 3(
2 ) dIR,
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Tropospheric Scatter Propagation (4)

Example: A tropospheric communication link operates at 10 cm with a transmit power of
30 dB, parabolic reflector antenna gains of 50 dB (50% efficiency), and a transmit/receive

distance of 400 km. Find the received power for C, =108 m™/3.

The antenna diameter is related to the gain
G=az(wD? 14k 22 - D=[0%(0.02/(z%05)] ~=142m
The HPBW can be estimated from the product of the beamwidths
G=4melQ, ~4ml05 —> 0= [47ze/105]”2 =0.008 rad

The received power is

—5/3
2 —17/3
P, ~2.23x10%10%101° (108 (g—@ (400x10%) " 0.008°% = 2x1012 W

.. PG%2*
Note that for a LOS free space propagation link 5
(47)°d

troposcatter link has an additional 105 dB of loss.

= 6.3x107%2 W. The
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Tropospheric Scatter Propagation (5)

In practice, more simple models of troposcatter links are used. Empirical or measured loss
factors are applied to the Friis equation. For example,

2
A
b =FG,G ( ) L LSLf - P’”dB Pde+Gde+GFdB L dB_LCdB_LSdB_Lde

where: L, (MRJ = path loss

L, = scatter loss
L, = antenna to medium coupling loss
L, = feeder loss (transmission line or pluming loss)

The losses are defined such that they are positive quantities in dB. Empirical formulas for
the coupling and scattering losses are:

=83+ 0.57%,4q +1010g fiyn, — 0.2N

o —0.07exp|0.055(G, . + G, |

N is the surface refract|V|tv, a quantity that will be discussed in more detail in the lectures
on ducting and nonstandard refraction.
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Tropospheric Scatter Propagation (6)

Example: Rework the last example using the simplified model (50 dB gains, 30 dB
power, 3 GHz, and d = 400 km). Assume a refractivity of 320.

The angle ¥ must be determined in milliradians. From geometry o =d /(2R)),
p=n—-dlR,and ¥ =7r - =d /R, =0.0468 rad = 46.8 mrad

Ly, =83+0.57(46.8) +101og 3000 - 0.2(320) =80.5dB

L., =0.07exp[0.055(100)|=17.1dB

Ly = —20Iog[O.l/(47z4OO><103)]=154 dB

The received power is

P, =30+50+50-154-17.1-80.5=-121.6 dB=6.9x10"° W

This is a difference of 4.6 dB from the previous result. For this application it can be
considered good agreement. Variations in the atmosphere cause the signal strength to vary
by perhaps tens of dB over relatively short periods of time.
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Ite Alice Troposcatter Link

Monterey, California
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Ducts and Nonstandard Refraction (1)

Nonstandard propagation takes place when the index of refraction deviates significantly
from the linear decrease with height assumed for the standard atmosphere. Relatively
large changes over short heights (10s to 100s of meters) result in ducts. Rays launched at
the proper angle and frequency oP OF DUCT
will be confined to the duct. e
Similar to a waveguide, waves in a 7aN

duct do not suffera 1/ R?
isotropic spreading loss.

EARTH’S
SURFACE

X

e The formation of ducts is due primarily to water vapor, and therefore they tend to occur
over bodies of water (but not land-locked bodies of water)

They can occur at the surface or up to 5000 ft (elevated ducts)

Thickness ranges from a meter to several hundred meters

The trade wind belts have a more or less permanent duct of about 1 to 5 m thickness
Efficient propagation occurs for UHF frequencies and above if both the transmitter and
receiver are located in the duct

¢ |f the transmitter and receiver are not in the duct, significant loss can occur before
coupling into the duct
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Ducts and Nonstandard Refraction (2)

Because variations in the index of refraction are so small, a quantity called the refractivity

Is used
N(h) =[n(h) —1]10° n(h) = /e, (h)

In the normal (standard) atmosphere the gradient of the vertical refractive index is linear
with height, dN/dh =~ -39 N units/km. If dN/dh <—-157 then rays will return to the

surface. Rays in the three Earth models are shown below.

True Earth Equivalent Earth Flat Earth
(Standard Atmosphere)

-39

~157

R, ’ R

From Radiowave Propagation, Lucien Boithias, McGraw-Hill
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Ducts and Nonstandard Refraction (3)

Another quantity used to solve ducting problems is the modified refractivity
M (h)=N(h)+10°(h/R))
In terms of M, the condition for ducting is dM /dh = dN/dh+157. Other values of dN / dh

(or dMdh) lead to several types of refraction as summarized in the following figure and

table. They are:
1. Super refraction: The index of refraction decrease is more rapid than normal and the ray

curves downward at a greater rate
2. Substandard refraction (subrefraction): The index of refraction decreases less rapidly
than normal and there is less downward curvature than normal

hi h
Normal atmosphere

Normal
atmosphere

|

|
1
Super-refraction =

Subrefraction

Ducting Ducting

From Radiowave Propagation, Lucien Boithias, McGraw-Hill
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Ducts and Nonstandard Refraction (4)

Summary of refractivity and ducting conditions

AN | dh Ray Atmospheric Virtual Horizontally
Curvature K Refraction Earth Launched Ray
>0 up <1 more convex
0 none 1 below actual

dN normal MOoVes

0 > E > —39 > l away

-39 4/3 normal less from

N >4/3 convex Earth

-39 > T > —157 down above
normal plane parallel to

—157 Earth

super-refraction concave draws closer

<-157 to Earth
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Ducts and Nonstandard Refraction (5)

Using a stratified model for the duct, the spherical form of Snell’s Law must hold at the
top and bottom. Let (y;, R;,n;) be the launch angle, distance to the Earth center, and

index of refraction at the bottom, and similarly (90°, R, n) at the top. Then

: o : R
n;R;siny; =nRsin90° —  siny; :#zl

1771

Thus the incidence angle must also be very close to 90° (generally <89°). Some
examples of paths in a duct are shown below.

Elevated
Modified

Refractivity |

Profile

@ Ducting Layer

S Tropospheric

_______________ =——7- Radio Duct
]
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Ducts and Nonstandard Refraction (6)

Some examples of ray trajectories in ducts (gradient of the duct =500 N/km, thickness
200m) for various transmitter heights.

-

-~ z-""’

From Radiowave Propagation, Lucien Boithias, McGraw-Hill
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Ducts and Nonstandard Refraction (7)

Approximate cutoff frequency of the duct is
Amax = 2-5(Ah)\/§ = fmin = ¢! Amax

Ah = depth of the duct, and An = variation of the index inside of the duct. Note that the
cutoff is not abrupt, as in a waveguide with conducting walls. As the frequency falls
below cut-off the duct lets more and more energy escape. Refractive index variations near
the top of the duct make the cutoff frequency even less definite.

The lengths of the arcs of a ducted
path are approximately

|, [ 2000 (Ah)
— (dN I dh +157)

where Ak 1S in meters and dN/dh is
in N/km. R R
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Ducts and Nonstandard Refraction (8)

Example: A duct near the ground with a thickness of 30 m and An =4 x 107° (4 N units),
a typical case at middle latitudes.

Amax = 2.5(300V4x107% =0.15m — £, :% = 2000 MHz

max

Example: Find the values of L for duct heights of 100, 200 and 300 m and dN/dh = -160,
—200 and —500 N/km.

Using the formula on the previous page gives the following results:

dNIdh  AR=100 Ah=200 AAh=300
~160 516 730 894
—200 136 192 236
~500 48 68 84
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Ducts and Nonstandard Refraction (9)

From the definition of refractivity: N (k) = [n(k) —1]10° so

_dn

dN _ dn “4710°% N/km
~ dh

dn dh

10° N/m

Note that from p. 22:

J /— -1 -1
K=|1+ %e { +R —} :{1+10_9Red—N}
JE, “dh dh

Example: At what range could a target at a height of 1 km be detected by a radar at sea
level if XY — 20 N/km?
dh

1
aN } [1+10‘9 (6375x103)(—20)T =1.146

{1+1o R,
dh

d = \/2xR,h = |/2(1.146)(6375)(1) =120.9 km
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AREPS Simulation of a Radar in a Duct

AREPS (Advanced Refractive Effects Prediction) software available from SPAWAR
PMW-155 (San Diego)

30

RADAR 24 Radar "hal
LOCATION \

- } DUCT
2181

HEIGHT

12 1

140
RAMGE nmi
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